The welfare gain to consumers from the introduction of personal computers is estimated here. A simple model of consumer demand is formulated that uses a slightly modified version of standard preferences. The modification permits marginal utility, and hence total utility, to be finite when the consumption of computers is zero. This implies that the good won't be consumed at a high enough price. It also bounds the consumer surplus derived from the product. The model is calibrated/estimated using standard national income and product account data. The welfare gain from the introduction of personal computers is about 4 percent of consumption expenditure.
Introduction
What is the welfare gain to consumers from the development of and improvements in personal computers (PC's)? This is the question addressed here. The answered o¤ered is that welfare increased by approximately 4 percent, measured in terms of total personal consumption expenditure, due to the introduction of the PC. This …nding is obtained by employing a model of consumer behavior based upon more-or-less standard preferences, which is …t to aggregate national income and product account data using a direct and simple calibration/estimation strategy.
To estimate the welfare gain from the introduction of a new product one must know what utility is in the absence of the good. A conventional isoelastic utility function has two problems.
First, at zero consumption the utility function returns a value of minus in…nity whenever the elasticity of substitution is less than one. In this case the welfare gain from the introduction of the new good is in…nitely large. Second, marginal utility at zero consumption is in…nite, so long as the elasticity of substitution is …nite. Therefore, consumers will always purchase some of the good in question, no matter how high the price is, albeit perhaps in in…nitesimal quantities. To avoid these problems a form for preferences will be adopted that gives a …nite level for marginal utility, and hence one for total utility, at zero consumption. With this utility function, high prices may result in the consumer optimally choosing to purchase zero computers. In addition, the consumer's surplus associated with the introduction of a new good is always …nite. This paper contributes to the growing literature on measuring the welfare gains from new goods. A classic example is the work by Hausman (1999) , who studies the introduction of cellular telephones. He …nds that their tardy inclusion in the CPI, some 15 years after their debut, results in a bias of up to 2 percent per year in the telecommunications-services price index. The engine of Hausman's analysis is the consumer's expenditure problem. While this is dual to the consumer's maximization problem, it is hard to recover the utility function from the expenditure function. He also suggests a measure of welfare based on an approximate demand curve. In the PC example studied here this approximate demand curve method leads to a serious underestimate of the welfare gains arising from the introduction of a new product.
Another interesting example is the Goolsbee and Klenow (2006) study of the bene…t to consumers of the internet. They estimate the demand for the internet by relating the time spent using the product to the opportunity cost of time. An approach which, they argue, makes sense since internet access is a good whose marginal cost consists almost solely of the leisure time spent by the consumer. They …nd very large welfare gains, when taking a literal interpretation of the model's structure. This is due to the fact that in their speci…cation the marginal utility of internet consumption approaches in…nity as consumption goes to zero. To mitigate the impact of the zeroconsumption region of the utility function, they emphasize an alternative measure based upon a linearized leisure demand curve. Additionally, their setup requires the elasticity of substitution to be greater than one. This is satis…ed in the data for internet consumption. But, it isn't true for all products. A case in point is cellular telephones, which Hausman estimates to have an elasticity less than one.
Finally, Petrin (2002) considers, as an example, the introduction of the minivan to demonstrate a technique for estimating welfare gains in the absence of consumer-level data. He shows how information describing the purchasing habits of di¤erent demographic groups, in conjunction with market-level data, can be used as a suitable substitute for consumer-level data. In his discretechoice analysis mini-van consumption is a lumpy good, so the speci…cation of the utility function is not central. 
Computers
Computers …rst became available in the United States in the 1950s but at prices so high and sizes so large that, for the most part, no individual would want to buy one. It wasn't until the early 1970s, with the invention of the microprocessor, that the …rst generation of microcomputers-computers that were small enough to …t on a desk and inexpensive enough to be owned by individuals-was Since the introduction of the Apple II rapid technological progress in computer development has fueled continual quality improvements and declining costs of production. Compared to the Apple II, today's computers are often equipped with multi-core processors running at over 3,000 megahertz, gigabytes of RAM, and hard drives capable of storing hundreds of gigabytes of data.
Quality improvements in computers and computer production have resulted in an enormous fall in quality-adjusted PC prices. In fact, prices have dropped at an astounding rate of 25 percent per year. Thus, a PC today is more than 700 times cheaper than one in 1977. Starting from virtually zero demand for computers in and preceding 1977, the fall in prices throughout the last thirty years has been synonymous with a rapid rise in demand. 
Model
Consider an individual with income, y, that can be used to purchase general consumption goods, c, and computers, n. Computers sell at a price of p in terms of consumption. Let the person's tastes be described by
Take the utility function for the consumption of general goods to be of the standard constantrelative-risk-aversion variety, so that U (c) can be written as Notice that U (c) satis…es the standard properties U 1 (c) > 0, U 11 (c) < 0, lim c!1 U 1 (c) = 0, and
Represent the utility function for personal computers by
The function V (n) is completely standard except that
Observe that since 0, the magnitude of the elasticity of demand for computers is unrestricted.
The individual's static maximization problem will read
subject to his budget constraint
and the non-negativity conditions c; n 0:
Note that W (y; p) represents the person's indirect utility function, which gives his maximal level of welfare at the income level y when he faces the price for computers p. The non-negativity constraint on c will never bind and can be safely disregarded, because lim c!1 U 1 (c) = 0. Since the marginal utility of zero computers is …nite, the solution to the individual's maximization problem could be at a corner where n = 0.
3
The solution to the above problem can be obtained by using the budget constraint (3) to substitute out for c in the objective function (2) and then maximizing with respect to n. This leads to the Kuhn-Tucker conditions (y pn) p (1 ) (n + ) 0, n 0, and
The equations in (4), in conjunction with the budget constraint (3), determine the demand functions for c and n:
and
Observe from (6) that for any given income level, y, there exists a threshold price, b P (y), such that the optimal expenditure on computers will be zero whenever p b P (y). The threshold price 3 Utility functions of the form U (c) = (c+ ) 1 =(1 ) have been used in macroeconomics before. For instance, Chatterjee (1994) and Rebelo (1992) employ such utility functions to model savings behavior. When < 0, so that there is a subsistence level of consumption, savings will be small at low levels of income. Kongsamut, Rebelo and Xie (2000) study long-run sectoral reallocations using such a utility function within the context of a multisector growth model. When < 0 a good will have an income elasticity less than one. Alternatively, if > 0 then the income elasticity is greater than one. In these analyzes when > 0 the constraint that c 0 is not imposed; it isn't required for the purposes at hand. One could think about > 0 as representing some non-market production of the good in question that can be sold (implying c < 0) so that only c + needs be non-negative. Note that with this interpretation some positive quantity of the good c + > 0 will always consumed. By contrast, the constraint in the current context is necessary. It is what leads to no computers being purchased when the price is high enough.
is increasing in income. This implies that along a falling price path the rich will buy the good before the poor do.
Welfare Gain
What is the welfare gain to consumers in 2004 from the invention of personal computers and the fall in their relative price since 1977? The welfare gain will be measured in terms of both the equivalent and compensating variations. 
In the year 2004 the consumer actually did purchase computers at the price p 2004 . Assuming that he undertook his purchases optimally, his indirect utility function speci…es a welfare level of
The equivalent variation is determined by solving the following equation for EV : Using equation (7) in (8) 
1:
Notice that the equivalent variation can be computed given data on total expenditures and prices, and estimates of the three preference parameters, , , and .
The second measure of welfare that will be considered is the compensating variation. The compensating variation is similar to the equivalent variation. In fact, for quasi-linear preferences the two are equivalent. The compensating variation is the amount of income that would have to 
Although CV cannot be written explicitly, it is uniquely de…ned by equation (9) and can be computed numerically, given estimates of the preference parameters in conjunction with the data on prices and expenditures. 
Quantitative Experiment
The task is to compute the welfare gain to consumers in 2004 due to the invention of the PC in 1977 and the subsequent decline in its quality-adjusted price? In order to compute this, information about appropriate values for the preference parameters must be obtained. There are three preference parameters to pin-down: the coe¢ cient of relative risk aversion, , the weight on utility from aggregate market consumption net of computers, , and the parameter which is important for specifying the marginal utility of zero computer consumption. These parameters are determined using the following calibration/estimation procedure. where the functions C( ) and N ( ) are speci…ed by (5) and (6). Also, recall that W (y 2004 ; 1) is given by (7).
date t in the data. Similarly, let n t be the quantity of computers purchased from the data.
The price and expenditure data is taken from the BEA-see the data appendix for more detail. Figure 1 shows the PC price and quantity indices. Next, note that given values for the preference parameters the model's prediction for the quantity of computers consumed at some date t, b n t , can by computed by plugging the corresponding price and income levels, p t and y t , into the demand functions speci…ed by (6) to obtain b n t = N(y t ; p t ). These demand functions also depend on the model's underlying parameters, , , and . Denote this mapping from the preference parameters to the prediction for the quantity of computers consumed by b n t = N( ; ; ; y t ; p t ). from the internet, at least when the model is interpreted literally. They note that with the isoelastic utility function that they choose "the utility from the …rst units of consumption is so high" that the welfare gains will be large. 5 As was mentioned, Goolsbee and Klenow (2006) Hausman's approximation procedure results from the fact that computers constitute a small share of expenditure. Yet, they still are important in generating utility. In fact, Hausman's measure performs worse than a simple Tornqvist index, which suggests that welfare rose by about 2:2 percent-which is still less than 60 percent of the true rise. His linear demand approximation method is likely to perform better for the introduction of more minor products, such as AppleCinnamon Cheerios, which can be viewed as a small change from the status quo.
Thus, a simple model of a representative consumer with a slight modi…cation to the standard isoelastic utility function can lead, using a straightforward calibration/estimation procedure and 5 Modelling the consumption of internet services is trickier than other goods, as the paper makes clear. Most consumers purchase internet services at a …xed monthly price. Therefore, they can use as much of the services in a month as they desire. The limiting factor is the amount of time that a individual wants to spend on the internet. This is why Goolsbee and Klenow (2006) estimate the demand for the internet by relating the time spent using the product to the opportunity cost of time, an innovative idea. Modifying the utility function to bound the marginal utility of internet services at zero consumption would lower the welfare estimate. It may also help to explain Goolsbee and Klenow's (2006) fact that 37 percent of people were not on line. Putting more concavity in the utility function at high levels of consumption would help lower the welfare estimate as well.
aggregate data, to a reasonable measure of the welfare gain realized from the introduction of PCs. A few words of caution are in order, however. First, since the parameter values are not determined through a statistical estimation, the analysis is silent on standard errors and other tests of the model. Second, the welfare measures are conditional on the parametric form chosen for utility. This is a problem that many econometric approaches su¤er from as well. On the latter point, there may be nonseparabilities between computers and other goods in the utility function. For example, Gloosbee and Klenow (2006) assume that internet services and leisure are Edgeworth-Pareto complements in the utility function. This could be true of computers more generally, of course. Think about playing computer games. Internet services could also be an Edgeworth-Pareto substitute with housework, if they can be used to reduce time spent on chores such as paying bills, shopping, etc. Gloosbee and Klenow (2006) also mention that there may be spillover e¤ects across consumers that are important for household computer adoption. Entering a network externality into tastes may provide another route for modelling the low initial demand for computers. More sophisticated speci…cations of tastes would probably require more data in order to estimate the structure well, such as the time-use data used by Gloosbee and Klenow (2006) .
Conclusion
What is your PC worth to you? About 4 percent of total consumption expenditure is the answer obtained here. This …nding is predicated upon a simple model of consumer demand. A slight modi…cation of the standard isoelastic variety of preferences results in a well-behaved demand for computers: demand drops to zero as prices rise to some well-de…ned level, and the consumer's surplus associated with a new good is always bounded. The model of consumer demand is …t to national income and product data, using a straightforward calibration/estimation procedure, to uncover the taste parameters needed for the welfare analysis. The parameter values obtained are reasonable and the framework …ts the aggregate data well. Economic Analysis (BEA). When mapping the model into the U.S. data, the variable n is taken to be real personal consumption expenditure on computers, peripherals, and software. This series is constructed by de ‡ating nominal personal consumption expenditure on computers, peripherals, and software by the price index for this particular series. The variable c represents real personal consumption expenditure on all other goods. This is obtained by subtracting nominal personal consumption expenditure on computers, peripherals, and software from total nominal personal consumption expenditure, and then de ‡ating by the price series for personal consumption expenditure. The relative price p is simply taken to be the ratio of the price index for personal consumption expenditure on computers, peripherals, and software to the price index for personal consumption expenditure. Last, real income, y, is simply de…ned by y = c + pn, which is total personal consumption expenditure.
